Working experience on traditional Meridional Flow Solvers has revealed difficulties concerning both convergence and accuracy of the solution. These difficulties have been observed for instance in certain industrial applications where steep gradients of flow and/or geometrical quantities are present. Transonic flow conditions can cause extra difficulties. All these difficulties may be circumvented when advanced CFD techniques are utilized.
NOMENCLATURE
cylindrical coordinates 
INTRODUCTION
Through flow calculation methods in Turbomachinery have their origin in the Wu's (Wu, 1952) suggestion that the 3-D inviscid flow field can be decomposed into two quasi-3D ones, the first located in the blade-to-blade surfaces (called S 1 surfaces) and the second located in the hub-to-shroud surfaces (called S2 surfaces). The present effort is devoted to the development of a sound computational method for solving the flow field on the S 2 surfaces, with the assumption of axially symmetric flow properties (meridional plane solver).
Classical through flow analysis models are based on the radial equilibrium equation, using circumferentially averaged flow quantities (Smith, 1966) , (Novak, 1976) , (Hirsch and Warzee, 1976) , (Denton, 1978) . Recently, researchers in this field have presented more elaborated analysis and design methods for axial, radial and mixed flow machines, using a vorticity-streamfunction formulation (41-0) to model the mean meridional flow in conjunction with the pitch averaged conservation laws of mass, momentum and energy (Borges, 1990) (Zangeneh and Hawthorne, 1990) . The resulting set of partial differential equations is numerically integrated by the use of finite-difference or finite-element discretization techniques.
The need for more efficient turbomachinery designs, leading in most cases to complex blade geometries, reflected also the need for more accurate flow models and computational tools where viscous effects should be taken into account. This is particularly necessary for simulating the flow in high-speed,highly-cambered bladings. In these cases secondary flow effects accompanied, sometimes, by severe boundary layer separation phenomena, impair the credibility of the quasi-3D assumptions. Nevertheless, through flow solvers can still play an important role as a rapid and inexpensive design and analysis tool if viscous corrections are incorporated in a proper way. However, the introduction of viscous effects increases the numerical problems of the corresponding solver since steep gradients of the flow quantities should be resolved. The use of highly stretched mesh systems which may accurately capture the flow gradients is an additional parameter that increases numerical complexities. Working experience in this direction using traditional meridional flow solvers revealed difficulties concerning both convergence and accuracy of the solution. These difficulties were always amplified in the high-subsonic/transonic flow regime.
In order to make a substantial breakthrough in improving the efficiency and the versatility of a meridional flow solver, especially in such demanding applications as the ones mentioned above, the authors developed a through flow code based on advanced CFD techniques. The position of the problem in terms of the pitch averaged inviscid conservation laws, although classical, is briefly repeated for completeness. Then the paper focuses on the presentation of a robust numerical scheme which is used for the numerical integration of the meridional flow equations and may efficiently treat cases where combined geometrical and flow steep gradients exist.
In the present approach, the blade effect is represented by a bound vortex sheet whose strength is determined by the resulting distribution of the circumferentially averaged swirl. The swirl distribution is directly connected with the mean camber surface of the blade and the meridional velocity field. A blockage factor introduced in the continuity equation accounts for the blade thickness. When the "mean" flow inviscid equations are obtained, viscous effects are superimposed in terms of deviation angle and total pressure losses. Using the Stokes streamfunction formulation the governing equations are cast in a ( 111 -0) form, where the vorticity (0) is directly related to the gradient of the energy quantities on the meridional plane. The set of equations is closed by the transport equations of rothaply, entropy and swirl.
Body fitted coordinate transformation and centered finitedifference schemes are used to discretise the governing equations on the meridional plane. The discrete non-linear system is then appropriately linearized and solved with the preconditioned GMRES (Saad and Schultz, 1983) algorithm. An ADI (Ballhaus and Jameson, 1977) type preconditioner is used for the elliptic-type equation of ( 110 improving significantly the convergence properties of the scheme, especially in cases where strong grid non-uniformities exist. An artificial density scheme is activated in the transonic flow regime to prevent break-down of the code when the ( 111 ) equation becomes hyperbolic.
Several applications of the above method are presented in the paper and validated against experimental measurements.
GOVERNING EQUATIONS
The governing equations used in the present method, which are identical to those developed by Hirsch and Warzee, 1976 where Vm() is the gradient operator on the meridional plane and () n,) the pitch averaged meridional component of the W vector. The blockage factor (b) appearing in the rhs of equation (1) is defined as
where to is the blade thickness projected in the peripheral direction. Then, the flow equations read
In the absence of shock waves on the meridional plane, the entropy conservation law reads
A more convenient set of governing equations may be provided if the Stoke's streamfunction IP is used.
where N is the unit vector normal to the meridional plane.
The application of the Vinx() operator on equation (9) leads to the following second order elliptic type pde on (LII)
In the above equations "6-is the averaged density, Vm is the averaged meridional velocity component, 0 0 is the averaged ( 1 ) peripheral vorticity component, o) is the angular velocity, 17t and ill are the averaged stagnation enthalpy and rothalpy, T is the static temperature and Ve is the averaged absolute peripheral velocity component.
Equations (21 to (10) accompanied by the Gibb's equation for the density (h,S) and the state equation for the perfect gas, form a closed system of PDE's which is solved on the meridional plane in terms of the variables ( 111 ,Ei,lit,S and RVe). IF is responsible for the kinematic field satisfying a Poisson type equation whose right hand side is Q. The peripheral vorticity (00) is directly related to the meridional gradient of the energy quantities ht, S and the swirl RV9 , which, in turn satisfy the transport type equations (6), (8) and (3) respectively. Depending on the location on the meridional plane the energy equation is integrated in terms of either the stagnation enthalpy (stator region) or the rothalpy (rotor and free space regions). In the free spaces (unvaned regions) the swirl is computed by using equation (3), which in this case has zero right-hand-side. In the bladed regions, it is much simpler to compute (RVe) considering that the velocity vector is locally tangential to the mean camber surface of the blade. This results to an algebraic expression that relates Ve (for stator) or We (for rotor) with the meridional velocity component and the metal angle (13).
BOUNDARY CONDITIONS
The required geometrical data are the meridional geometry of the hub, tip, inlet outlet regions, as well as, the leading and trailing edge traces. The mean camber surface of each blade row is also needed. Flow data are given only at the inlet plane as spanwise distributions of the three absolute velocity components, stagnation enthalpy and entropy. These initial conditions are sufficient for the numerical integration of the transport type equations of (h r), (S) and (RV0). The (41) equation, being of elliptic type needs boundary conditions on the complete domain. Along the inflow section the III distribution may be obtained by integrating the corresponding projection of equation (9). Along the hub and tip boundaries 111 is kept constant (adherence condition), while at the outflow section the second derivative of 111 in the normal direction is considered to be zero, assuming that the flow there is fully developed.
VISCOUS CORRECTIONS
Viscous corrections are superimposed on the inviscid conservation laws in terms of deviation angles and total pressure losses expressed in terms of entropy correction. Considering as known the correction quantities along the trailing edge lines, the deviation angle is quadraticly distributed, while the total pressure losses are linearly distributed along the blade sections. It is evident that, since the entropy correction is related to current field quantities, the losses handling has to be incorporated in the iterative flow solver, increasing, thus its complexity.
The trailing edge distribution of the correction quantities may either be specified using semi-empirical relations (Lieblein, 1960) , (NASA SP-36, 1965) or in certain cases (as those presented below) may be extracted from existing measurements. In these later cases the solver output is forced to adapt on experimental data (such as deviation and total pressure) obtained at certain cross-sections of the machine.
NUMERICAL PROCEDURE Coordinate transformation and grid generation
To increase the accuracy and the flexibility of the computational method in complex turbomachinery applications, a body fitted coordinate transformation is performed to map the physical plane (z,R) onto a transformed orthogonal plane (u 1 ,u2). The hub and tip boundaries correspond to u 2 = constant lines in the transformed domain while the inlet and exit planes and the leading and trailing edge traces to u 1 = constant lines. Grid generation is then performed on the transformed (computational) plane using mixed elliptic and algebraic techniques. The classical Middlecoff and Thomas (1969) source terms are implemented in the elliptic grid generator to provide orthogonality and stretching properties especially in the near hub, tip, leading and trailing edge lines where the steep flow gradients are present.
On the computational plane, the elliptic type Poisson equation (10) where &ti is the permutation tensor.
Discretization
The governing equations are discretized using centered finite-difference/finite volume schemes. Assuming that Au' = 1 in the discrete computational plane, equation (11) where Si and g; are the backward and forward derivative operators in the (i) direction.
Numerical integration of the transport equations
As mentioned before the transport equations on ht (or h,R) and S, and (RV0) -wherever applicable-, express the conservation of the corresponding quantity along the meridional plane streamlines. Therefore equations of the form 11 -",•Vi=0 have a monoparametric solution f = 440. Considering that 010 is a known field and (f) is known along one reference ( u 1 = constant ) line in the computational plane, the value of (f) at any grid point (P) with streamfunction value (11J P.
) may be calculated with second order accuracy using Taylor expansion around the point (Q) lying on the ( ui = constant ) reference line, and having the closest streamfunction value with ( 111 ). That is = minimum ; Q e u1 = coast..
The derivatives @fink), 0202400 are computed with second order accurate finite-difference schemes on the ( u i = constant ) reference line where (f) is known. This is a simple way to compute the (f) field in a section by section mode, avoiding the direct integration of a first order pde, which is not an easy task. A second advantage of this technique is the direct coupling that provides for the h t, S and (RVe) fields (and, consequently, the vorticity field) with the (11) function. This fact facilitates the linearization and the numerical solution of the (III) equation.
The ( 11) equation solver
Initial efforts to decouple the (11) equation from the rest variables by freezing its right-hand-side created convergence problems, especially in cases of dominant vorticity due to strong (RVe) or and (he) gradients. But even when convergence was achieved its rate was rather poor. The problem was circumvented by coupling the (11) field with the rest variables and facing the corresponding non-linear problem directly.
Considering that
the vorticity component 00 may be seen as a non-linear function of
(w).
If ER is the residual of (11) R= (gip V.110 one may form the following Newton iteration step R"* 1 =0 +( 3 1) A ; 11"1 =1" +A ' 
The terms (a00/aht) ... may be analytically provided from equation (6), while the terms of the form ah (---1)A 111 =Arze aT may be computed using a simplified version of equation (12) after dropping the non-linear square part.
In order to increase the convergence rate of the solver two improvements were performed. The first is related to matrix preconditioning, a very important task when working on highly stretched grids. In these cases the linear sub matrix V m • [1/(Rbe)Vm] becomes stiff and convergence rates decrease radically. In order to overcome this drawback equation (13) is multiplied by a preconditioning matrix (P) whose obvious choice is aR 1
In our case (P) was selected as an ADI type approximate factorization (Ballhaus et al., 1977) where At is a pseudo-time step.
The inversion of (P) is a straight forward task, requiring the inversion of two tridiagonal matrices in each Newton iteration. The ADI preconditioner was preferred among others (for example incomplete LU decomposition) because of its minimum computer storage requirements and its easy implementation on vector/parallel computers.
The second improvement was achieved by substituting the Newton iteration scheme with the restarting linear GMRES(m) (Saad and Schultz, 1983) one. This scheme has been proved to be very effective in a wide variety of CFD problems (Giannakoglou et al., 1988) .
Artificial density
A simple artificial density scheme was incorporated in the code in order to assure convergence in the transonic flow regime, where the (110 equations changes character from elliptic to hyperbolic. The density upwinding is activated when the meridional Mach number component exceeds a prescribed cut-off value (Hafez et al., 1979) . This scheme was proved very efficient even in the high subsonic applications where the solution passing through transonic conditions during the iterative process may cause break-down of the solver if no numerical damping is added.
RESULTS AND DISCUSSION
The method described in the previous sections has been applied in the following two test cases Single Low Speed Compressor Rotor This rotor has been tested in Kyushu University (Inoue et al., 1985) . It is a 449 mm -diameter isolated rotor with hub/tip ratio of 0.6 and has 12 blades of NACA 65 series profile, designed for free vortex operation with an axial inlet flow condition. Several test cases are reported, in the aforementioned publication, for various tip clearances up to 5 mm. Measurements of the pressure and the velocity components were carried out at the outlet of the rotor using a five hole cobra probe and a hot wire velocimeter. We have chosen to investigate in two cases of high tip clearance (of 2 mm and 5 mm) where strong gradients of the flow quantities are present in the tip and hub regions. The exercise in these particular cases was to employ the meridional code in order to check out the coherence of the measurements. Two-stage Highly Loaded Axial Flow Fan This highly loaded two stage axial flow fan was designed and tested by NASA (Rugger and Benser, 1974) . Its design speed corrected to standard inlet conditions was 10720 RPM, the design flow rate was 83.56 kg/s and the pressure ratio 2.8. Rotor and stator blade sections for both stages of the fan were multiple -circular-arc (MCA) airfoils. The first rotor had 28 blades with tip of diameter 0.787 m and hub-tip ratio at inlet of 0.4. The second rotor had 60 blades, while the first stator had 46 blades and the second stator had 59 blades.
The total pressure ratio as a function of the radius was measured at the exit of each row. Additionally, the flow angles as functions of the radius were measured at the exit of each stator. The remaining flow quantities were evaluated assuming axisymmetric flow and considering mass-flow continuity, radial equilibrium and energy equations. This particular test case was selected in order to validate the efficiency of the meridional code in the transonic regime. The (60x50) computational mesh for the first test case is shown in figure 1 . It can be seen that the grid is highly stretched in the hub and tip regions, so it enables the computational code to capture the high gradients of the flow quantities in these regions. Relative Flow Angle at TE The measured deviation angle and the measured total pressure drop (accounting for the viscous losses) have been imposed numerically at the trailing edge of the rotor. Attention should be paid in figures 2a and 2b presenting the imposed total pressure drop at the trailing edge of the rotor. Besides the high total pressure gradient at the hub, a strong inverse gradient is observed in the near tip region. These steep total pressure gradients result into large entropy changes in the radial direction, which can be captured only when a highly stretched grid is used. Figures 3a and 3b show the radial distribution of the measured and the calculated relative flow angle for the cases of 2 mm and 5 mm tip clearance respectively. In the near tip area strong radial gradients of the relative flow angle are observed, resulting into sharp radial gradients of the RV ® . It may also be noted that the relative flow angle at the tip is 73.2° for the first case and 80.5° for the second case, causing a significant decrease of the meridional velocity, shown in figures 4a and 4b where the meridional velocity field is presented. This fact introduces additional numerical difficulties because it amplifies the nonlinearity effects. In spite of the aforementioned unfavourable conditions the GMRES algorithm overcame the difficulties with a high rate of convergence. In the following figures 5a, 5b and 6a, 6b the radial distribution of the axial and peripheral velocities, respectively, are presented at the outlet of the rotor and compared with the measured ones. The above figures indicate good agreement between the measured and calculated profiles within, of course, the accuracy of the digitized, from the publication, data.
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The convergence history of the presented test cases are shown in figures 13 and 14 respectively. In order to demonstrate the efficiency of the implemented GMRES algorithm, two runs were performed for each test case, one including (called GMRES/ADI) and one excluding (called ADI) the GMRES algorithm option. In both runs the effective number of iterations was considered to be, the number of calls of the approximate factorisation subroutine (equivalent to one iteration of the ADI algorithm) which performs two tridiagonal matrix inversions, one in each grid direction. In the first case, where the computational grid is highly stretched (figure 1), the simple approximate factorization algorithm (ADI) fails to converge more than one order of magnitude. In the second test case, where the grid stretching was moderate (figure 7), convergence was achieved by both algorithms. However, the speed-up due to the utilization of the GMRES algorithm was more than 100 % . A typical computational time for the examined test cases, on a grid of 3000 nodes, was 9 CPU minutes, using a 10 Mips, 0.9 Mflops workstation ( SGI, Personal Iris ). The (106x30) computational mesh used for the second test case is shown in figure 7. In this case both incidence and deviation angles have been imposed. The measured total pressure ratios have been also imposed to account for the total pressure losses due to viscous phenomenae. Figures 8a,b,c,d show the spanwise distribution of the flow angles measured or evaluated by NASA. Figures 9a,b show the imposed total pressure ratios compared to the measured ones.
Figures 10a,b represent the absolute Mach number distributions along the span. The profiles calculated by the present meridional through flow code are compared to the ones constructed by NASA using the experimental data. The agreement is very good in the trailing edges of the rotors, while in the other cases is fairly good. Field plots of the absolute Mach number and the total temperature are presented in figures 11 and 12 respectively. The convective character of the total temperature field (figure 12) demonstrates the efficiency of the Taylor series expansion algorithm which is used for the solution of the transport equations. Figure 8b . Spanwise Total Pressure Ratio distribution in the second stage of the Axial Fan test case.
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---Rotor 2 TE calc. Advanced CFD techniques have been proposed and used with success in overcoming numerical difficulties appearing in cases where important geometry and/or flow quantity gradients exist, needing highly stretched grids for their accurate description.
The proposed numerical procedure was applied on a number of representative test case. Results demonstrate that the proposed numerical treatment performs satisfactorily both in accuracy and rapidity of the convergence.
